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STUDIES  ON  THE  DEEP  CIRCULATION 

IN  THE 

ANTILLEAN-CARIBBEAN  BASINS 


by 

Georg-  Wust 

Since  1961  the  author  has  been  working,  with  some  assist¬ 
ants,  at  Lamont  Geological  Observatory,  on  the  deep  circulation  of 
the  water  masses  in  the  basins  of  the  Antillean-Caribbean  region. 

The  results  of  this  study  will  be  published  in  a  monograph  now  in 
preparation.  With  the  help  of  the  largely  increased  observation 
material,  this  monograph  will  continue  the  comprehensive  studies 
of  Parr  and  Dietrich  in  1937-1939  on  the  same  region.  Our  work 
is  based  on  all  available  data,  i.e.,  approximately  2,000  hydro- 
graphic  stations,  from  which  about  1,200  reach  deeper  than  1,000 
meters,  and  on  additional  observations  such  as  thermal  gradient 
measurements  and  geochemical  determinations  in  the  depth.  Also, 
the  newest  conceptions  of  the  bathymetrical  conditions  are,  in 
collaboration  with  Dr.  Bruce  Heezen  and  Marie  Tharp,  taken  into 
consideration.  With  regard  to  the  oceanographic  serial  measure¬ 
ments  of  temperature  and  salinity,  Woods  Hole  Oceanographic  In¬ 
stitution  has  made  the  greatest  contribution  to  the  source  material, 
not  only  in  quantity  but  in  quality.  Between  1932  and  1961  the 
Woods  Hole  research  vessels,  ATLANTIS,  CARYN,  CRAWFORD,  and 

ALBATROSS,  have  made  about  30  oceanographic  cruises  through  the 

* 

Antillean-Caribbean  region.  Continuous  inspiration  and  help  in 
our  studies  have  come  from  Dr.  Maurice  Ewing.  Since  1955  he  has 


*  The  author  is  very  grateful  to  Dr.  Fey  for  permission  to  use,  in 
this  study,  Joe  Barrett* s  unpublished  data  of  the  ATLANTIS  Cruise 
1961. 
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organized  seven  mainly  geophysical  cruises  of  VEMA  through  the 
Antillean-Caribbean  Sea:,  which,  in  crucial  regions  have  con¬ 
tributed  to  our  study  new  precision  depth  recordings,  thermal 
gradient  measurements  in  the  near-bottom  layers,  and  a  number  of 
hydrographic  stations  in  connection  with  geochemical  measurements. 

In  the  collection  of  the  source  material  and  the  analysis  of  the 
mass  of  data,  the  author  enjoyed  the  continuous  assistance,  in  the 
oceanographic  laboratory  at  Lamont  Observatory,  of  Robert  Gerard, 
Arnold  Gordon  and  Robert  Sexton.  In  this  paper  only  an  abstract 
of  the  new  conceptions  on  the  circulation  in  the  cold  water  sphere 
can  be  presented,  based  mainly  on  the  "core  layer  method,"  which, 
in  connection  with  T/S  relationship  and  sections  along  the  axis  of 
the  deep  currents,  has  proved  successful  in  such  studies.  Further 
chapters  on  the  circulation  in  the  warm  water  sphere  and  on  the 
volume  transports  through  selected  cross  sections  are  still  in 

preparation.  Such  is  the  case  with  the  chapter  on  the  results  of 
14 

the  C  and  tritium  methods  for  the  geochemical  estimation  of  the 
age  of  the  water  masses,  which  will  be  contributed  by  Maurice  Ewing, 
Wallace  Broecker,  and  Robert  Gerard. 

In  spite  of  some  similarities  in  their  intercontinental 
situation,  their  depths  and  basin-ridge  structure,  the  "American 
Mediterranean  Sea"  and  the  "European  Mediterranean  Sea"  show  re¬ 
markable  differences  in  the  renewal  of  their  water  masses.  The 
deep  circulation  of  the  former  takes  place  in  a  cold  water  sphere 
of  3°  to  7°C  and  of  salinities  less  than  35  o/oo;  its  deep  and 
bottom  waters  are  formed  far  outside  the  basins  at  the  surface  of 
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the  subpolar  regions  in  the  open  Atlantic  Ocean.  In  the"European 
Mediterranean  Sea,"  however,  the  deep  circulation  takes  place  in 
a  deep-reaching  warm  water  sphere  of  more  than  13°C  and  very  high 
salinities  of  38  to  39  o/oo.  Its  deep  and  bottom  waters  are  formed 
inside  the  basins  at  the  surface  of  their  northern  border  regions. 
These  differences  in  the  circulation  processes  are  mainly  caused 
by  the  dissimilar  degree  of  isolation,  i.e.,  by  the  sill  depths  and 
di mensiuns  in  their  oceanic  passages  as  well  as  by  the  differences 
between  the  climatic  conditions.  Therefore,  the  author  prefers  to 
replace  the  name  "American  Mediterranean  Sea"  introduced  by  Krummel 
(1907)  and  used  by  Dietrich  (1939)  and  Sverdrup  (1942),  with  the 
more  appropriate  nomenclature  "Central  American  Sea,"  which  con¬ 
sists  of  the"  Antillean-Caribbean  Sea"  and  the’1  Gulf  of  Mexico.”  The 
latter  has  been  omitted  in  our  study. 

The  generalized  bathymetrical  map  (Figure  l)  is  based  on 
the  available  bathymetric  source  material  and  in  some  critical 
regions  also  on  the  distribution  of  the  potential  bottom  temperature. 
By  the  hatching  of  the  depths  smaller  than  2,000  meters,  it  gives 
a  clear  picture  of  the  basin-ridge  structure  and  the  nomenclature 
used.  With  regard  to  the  ridges,  it  shows  some  new  conceptions  of 
the  gaps  and  sill  depths  in  the  outer  Ridge,  the  Cayman  Ridge,  the 
Aves  Ridge,  and  in  the  Beata  ridge,  as  well  as  in  the  Antillean 
Arc  (Windward  Passage,  Anegada  and  Virgin  Isis,  passages.  Dominica 
Passage).  These  sill  depths  have  a  decisive  influence  on  the 
water  renewal  in  the  interior  basins. 
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In  the  cold  water  sphere  of  the  Antillean-Caribbean  basins, 
we  have  four  core  layers  in  which  the  spreading  and  mixing  pro¬ 
cesses  of  the  intermediate,  deep  and  bottom  water  masses  can  best 
be  studied: 

1.  The  core  of  the  Subantarctic  Intermediate  Water 
characterized  by  the  intermediate  salinity  minimum  in 
regionally  various  depths  between  700  and  850  meters, 

2,  The  core  of  the  North  Atlantic  Water  characterized  by 
the  upper  intermediate  maximum  of  oxygen  in  various 
depths  between  2000  and  2500  meters, 

3  and 

4,  The  cores  of  the  Caribbean  Bottom  Water  (inside  the 

Antillean  Arc)  and  the  Antarctic  Bottom  Water  (outside) 
characterized  by  the  potential  temperature  and  salinity 
in  the  near-bottom  layers. 

Figure  2  demonstrates  the  spreading  of  the  Subantarctic 
Intermediate  Water  towards  the  north  along  the  core  of  the  salinity 
minimum  in  the  open  Atlantic  south  of  20°N  (Wust,  1936),  After 
sinking  at  the  southern  polar  front,  the  core  of  this  water  type 
north  of  40°S  lies  in  the  whole  breadth  of  the  ocean  at  depths 
between  700  and  900  meters.  North  of  30°S  we  find  more  and  more 
an  intensification  of  the  northward  spreading  on  the  western  side, 
obviously  as  an  effect  of  the  Coriolis  force.  Therefore,  close  to 
the  South  American  continental  slope,  we  can  speak  of  a  Subantarctic 
Intermediate  Current.  This  is  proved  by  Defant!s  dynamic  calcula¬ 
tions  which,  on  the  ..west  si.de  of  the  ocean,  ...indicate  velocities 
between  6  and  12  centimeters  per  second  (Defant,  1941).  In  the 
central  and  eastern  parts  of  the  South  Atlantic,  there  are  no 
measurable  currents,  but  turbulent  and  lateral  diffusion  processes 
which  maintain  the  intermediate  salinity  minimum.  It  is  surprising 


Salinity  f°/oo)  ar|d  depth  (metres)  of  the  core  layer  of  the  subantarctic  intermediate 
water  in  the  Atlantic  (according  to  Wiist). 


FIGURE  2 
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that  north  of  the  equator  the  axis  of  the  main  spreading  persists 
on  the  western  side  and  does  not  shift  to  the  east,  which  would 
correspond  to  the  opposite  sign  of  the  Coriolis  force.  In  these 
regions  the  deeply-penetrating  gradient  forces  of  the  mainly  wi 
driven  Guiana-Antillean  and  Caribbean  Current  Oyb  tems  evidently 
extend  their  influences  upon  the  further  spreading  of  the  Sub- 
antarctic  Intermediate  Water  in  700  to  850  meters  depth  to  the 
northwest  and  west.  Its  final  well-defined  admixtures  are  found 
at  the  Yucatan  Straits  in  22°N  as  is  shown  later.  With  the  help 
of  the  T/S  correlation,  a  standard  curve  was  constructed  by  the 
author  (1936)  for  the  entire  area  where  this  water  type  is  found 
(Figure  3),  From  this  curve  the  percentage  amounts  of  the  Sub- 
antarctic  component  for  all  stations  south  of  19°N  was  derived. 

In  this  way,  the  spreading  of  the  Subantarctic  Intermediate  Water 
could  be  represented  by  contour  lines  of  equal  percentage  content 
of  this  water  type.  Its  main  axis  and  branches  are  shown  by  arrows 
(Figure  4),  In  8°  to  12°N  outside  the  Antillean  Arc  we  find  the 
subantarctic  component  to  be  30  to  35%,  For  the  Antillean-Caribb- 
ean  basins,  where  in  1936  only  eight  marginal  stations  could  be 
utilized,  there  are  now  about  540  stations  at  our  disposal.  Figure 
5  shows  for  these  basins  the  new  picture  of  the  spreading  within 
the  Subantarctic  core  layer  in  700  to  850  meters.  The  main  inflow 
of  this  water  type  with  salinities  of  less  than  34,70  o/oo  takes 
place  through  the  two  passages  on  both  sides  of  St,  Lucia  Island, 
These  two  tongues  later  combine  and  cross  the  central  regions  of 
the  Venezuela,  Colombia,  Cayman  and  Yucatan  basins  along  an  axis. 
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which  coincides  with  the  axis  of  the  strongest  surface  currents 
of  1  to  1.5  miles  per  hour  (or  50  to  80  cm/sec)  on  the  average. 

The  contour  line  of  34.85  o/oo  characterizes  the  last  well-defined 
admixtures  of  the  Subantarctic  water.  Outisde  of  this  isohaline, 
only  spurious  traces  of  this  water  type  are  to  be  found  with 
values  between  34.86  to  34.89,  as  in  the  Gulf  of  Mexico,  Straits  of 
Florida  and  north  of  the  great  Antillean  islands.  This  is  proved 
by  the  T/S  correlation  (Figure  6)  which  presents  some  corrections 
of  our  former  diagram.  The  new  observations  disclose  a  modest 
spreading  of  the  points.  About  QQ%  of  them  show  deviations  of  less 
than  ±  0.05  o/oo  (in  salinity)  from  the  standard  curve.  The  point 
S  =  34,85  o/oo  on  the  curve  represents  a  percentage  amount  of  5. 
Therefore,  it  is  reasonable  to  put  at  this  salinity  the  limit  for 
the  construction  of  contour  lines  in  the  core  map.  The  standard 
curve  shows  relatively  small  deviations  from  the  density  line  of 
27.36.  This  corresponds  to  the  idea  that  in  this  area  a  slow 
isentropic  advection  takes  place.  Here  the  spreading  of  the  Sub¬ 
antarctic  Intermediate  Water  in  its  axis  has  lower  velocities  than 
along  the  South  American  continental  slope  south  of  10°N,  probably 
less  than  5  cm/sec. 

The  vertical  structure  of  the  Subantarctic  Intermediate 
Water  and  its  dependency  on  the  increasing  mixing  effects  are  clear¬ 
ly  demonstrated  by  the  longitudinal  section  (Figure  7),  represent¬ 
ing  the  stratification  in  salinity,  temperature  and  oxygen  between 
0  and  2000  m  along  the  axis  of  its  spreading.  This  most  character¬ 
istic  chief  longitudinal  section  begins  outside  the  Antillean  Arc 
200  miles  southeast  of  the  Barbados  and  follows  over  a  distance  of 
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2250  miles  (or  4200  km)  the  main  axis  of  the  Subantarctic  Inter¬ 
mediate  Current.  This  axis  coincides  approximately  also  with  the 
axis  of  the  Subtropical  Undercurrent  in  75  to  150  m  depth,  where 
after  Pillsburyfs  direct  current  measurements  in  the  passages 
(1885-1889)  we  may  assume  mean  velocities  between  40  and  60  cm/sec 
(Model,  1930).  Our  section  crosses  the  Antillean  Arc  through  the 
south  St.  Lucia  Passage  and  the  south  Venezuela  and  the  central 
Colombia  basins  from  east  to  west.  From  here  it  turns  to  northwest 
by  crossing  the  western  Jamaica  Passage  and  the  west  Cayman  and 
Yucatan  basins.  Ninety  per  cent  of  the  serial  measurements  used 
in  our  sectionwere  accomplished  by  Woods  Hole  ships  during  the 
winter  months  and  in  the  following  periods  (from  left  to  right): 
1933-1935,  1954-1958,  1937-1938  and  1952.  In  parenthesis:  There 
is  in  the  Antillean-Caribbean  Region  a  remarkable  dependency  of  the 
oceanographic  activity  on  the  season  which  has  unfortunately  pre¬ 
vented  the  author  from  studying  also  the  interesting  summer  con¬ 
ditions.  Because  of  the  shifting  of  the  thermal  equator  in  mid 
and  late  summer  to  the  Caribbean  Seas,  we  find  here  in  this  season 
low  salinities  (less  than 35' o/oo|he  highest  tropical  temperatures 
(29°C)  at  the  surface  and  much  rain  (about  100  mm/month),  on  the 
whole  hot  so  pleasant  conditions  as  in  the  normal  travel  season 
preferred  up  to  now  by  the  American  oceanographers.  But  it  would 
be  a  promising  task  to  fill  this  gap  by  future  systematic  summer 
cruises. 
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LONGITUDINAL  SECTION  ALONG  AXIS  OF  SUBANTARCTIC  INTERMEDIATE  CURRENT 


SUBANTARCTIC  INTERMEDIATE  CURRENT 
SUBTROPICAL  UNDERCURRENT 
SURFACE  CURRENT 


4220Km.  4000 


At  1597  A!  1595 


At.  1538  At  1537  At  1536 


At  2755  At  2756  At  2758  AI2744  At  2747  At  2748 


U  5000  At  4999  At  4997  Ale  m  126 


II 
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The  salinity  section  shows  clearly  by  the  hatching  the 
tongue-like  spreading  of  the  Subantarctic  Water  between  500  and 
1000  m,  its  increasing  salinity  and  decreasing  vertical  extent  from 
E  to  W  and  NW.  This  pattern  is  mainly  a  consequence  of  the  turbu¬ 
lent  vertical  exchange  coefficients,  which  Defant  (1936)  ,  *.  com¬ 

puted  as  5-10g  cm,  sec”^*.  Quite  different  conditions  exist  in  the 
Subtropical  Undercurrent  which  in  depths  between  75  and  200m  is 
characterized  by  the  intermediate  salinity  maximum  of  more  than 
36.5  o/oo  (the  small  hatched  ribbon  in  our  section).  Contrary  to 
the  Subantarctic  Intermediate  Current,  there  is  in  the  Subtropical 
Undercurrent, over  a  stretch  of  4200  km,  no  continuous  change  in 
salinity  and  thickness  of  the  core  layer.  Why?  In  1936  and  1939 
the  answers  were  given  by  Defant  and  Montgomery  with  regard  to  the 
similar  conditions  of  this  Undercurrent  in  the  open  Atlantic.  In 
both  cases  the  average  thickness  of  the  core  is  only  50  to  75m. 

The  comparison  of  the  salinity  section  with  the  temperature  section 
shows  that  the  salinity  maximum  coincides  with  the  very  steep 
thermocline  and  because  of  the  corresponding  salinity  inversion 
also  with  the  strongest  vertical  gradient  in  the  density  field,  the 
very  Sf^c?f{ocline.  The  spreading  of  this  subtropical  intermediate 
water  type  is  caused  by  advection  and  turbulent  diffusion.  But 
because  of  the  high  stability  of  the  stratification  within  the 
pycnocline,  the  effect  of  the  latter  process  is  strongly  restricted 
so  that  the  horizontal  spreading  in  our  section  seems  to  take  the 
character  of  a  laminar  flow.  This  has  been  confirmed  by  Montgomery 
who  found  the  coefficient  of  vertical  eddy  diffusivity  as  only 
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0.4g  cm  sec’^#  By  including  the  effects  of  lateral  mixing, 

Defant  (1962)  has  estimated  that  the  turbulent  diffusion  coefficient 
cannot  be  far  from  the  molecular  diffusion  coefficient  for  salt  in 
water  (0.011). 

Whereas  in  the  longitudinal  sections  of  salinity  and  tem¬ 
perature,  the  serial  measurements  of  the  various  cruises  match  well 
together;  contrary  is  the  case  in  the  oxygen  section.  The  oxygen 
determinations  of  the  various  periods  of  years  are  obviously  not 
comparable.  By  the  hatching  of  the  intermediate  oxygen  minimum 
(  c.  3  rril/l)  and  of.  the  intermediate  oxygen .maximum . (  >  ;.;5*5 

*  respectively...' 6.0.  nvl/1..  ) »  we  have  demonstrated  the  inhomogeneity 
of  the  observations.  The  oxygen  values  determined  on  Woods  Hole 
ships  between  1954  and  1958  (and  also  by  VEMA)  are  in  the  whole 
water  column  on  the  average  10%  lower  than  the  values  of  DANA  in 
1922  and  of  ATLANTIS  in  1933-1935,  1937-1938,  and  (only  in  the  deep 
water)  of  ATLANTIS  in  1952.  The  question  arises  whether  in  the 
period  1954-1958  mainly  systematic  errors  in  the  titrations  have 
contributed  to  these  anomalies,  as  recently  Dr.  Carritt  has  assumed, 
a  question  to  which  we  later  return.  In  any  case,  we  must  divide 
our  longitudinal  section  in  five  parts,  each  of  them  valid  only  for 
the  special  period  of  years. 

With  regard  to  the  depth  of  the  core  within  the  oxygen  mini¬ 
mum,  the  five  parts  agree  fairly  well.  This  core  coincides  with  the 
isotherms  of  8°  and  9°  and  with  the  isohalines  of  34.9  and  35.0  o/oo 
(as  is  shown  by  the  line  of  black  crosses).  In  other  words,  the 
boundary  between  the  warm  water  and  the  cold  water  sphere  is  here 
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(as  in  the  open  Atlantic)  best  characterized  by  the  core  of  the 
intermediate  oxygen  minimum.  This  boundary  also  coincides  with 
the  upper  boundary  layer  of  the  Subantaxc tio  intcnueaiate  Water. 

But  it  cannot  be  explained  by  a  lack  of  sufficient  renewal  of  the 
water  masses,  i.e.,  by  dynamical  reasons  and  cannot  be  regarded  as 
a  layer  of  very  slow  advection.  Here  the  strong  currents  reach 
deeper  than  the  oxygen  minimum  in  the  adjoining  parts  of  the  open 
Atlantic,  from  where  it  is  transported  with  them  to  the  Antillean- 
Caribbean  basins  (Wyrtki,1962).  The  dynamic  boundary  layer,  i.e., 
the  reference  layer  (or  layer  of  no  motion)  for  dynamic  computations 
is  inside  of  the  Antillean  Arc  to  be  sought  in  depths  below  the 
Subantarctic  Intermediate  water,  i.e.,  probably  in  an  inclined 
surface  between  900  and  1200  m,  when  we  transfer  Defant!s  oceano¬ 
graphical  (dynamic)  triangulation  method  (l94l)  from  the  open 
Atlantic  to  the  Caribbean  basins. 

The  next  core  layer  concerns  the  spreading  of  the  North 
Atlantic  Deep  Water,  which  is  formed  above  the  submarine  slopes  of 
South  Greenland.  It  is  well  known  that  here  during  February-March, 
small  scale  convection  and  deep-reaching  inclined  advection  of 
heavy  and  high  oxygen  water  masses  take  place.  This  was  clearly 
shown  for  the  first  time  by  WattenbergTs  oxygen  winter  section  in 
1938  (Figure  8}.  These  processes  give  rise  to  the  North  Atlantic 
Deep  Current  between  2000  and  2500m,  which  is  characterized  by  the 
upper  intermediate  oxygen  maximum  (greater  than  6.0  m  1/1 ).  By  the 
influence  of  the  Coriolis  force,  this  southward  flow  as  a  permanent 
feature  of  the  deep  circulation  is  most  developed  as  a  boundary 


Distribution  of  oxygen  (in  percentage)  in  a  section  from  the  southern  tip  of 
Greenland  to  the  Great  Banks  of  Newfoundland  (according  to  Wattenberg). 
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current  along  the  western  continental  slope  of  the  North  Atlantic 
(Figure  9).  This  core  map,  published  by  the  author  in  1936,  is 
mainly  based  on  the  oxygen  determinations  of  187  METEOR  and  63 
ATLANTIS  stations,  which  match  sufficiently  well  together.  Forty- 
seven  stations  of  four  other  research  vessels  (DANA,  ARMAUER  HANSEN, 
DISCOVERY  and  MARGRETHE)  were  also  used.  The  titrations  of  the 
DISCOVERY  II  Expedition  1931  between  50°  S  and  15°N  have,  on  the 
average,  systematically  given  4%  lower  values  than  the  other  ob¬ 
servations.  Corresponding  to  the  dynamic  computations  of  Defant 
(1941 )  and  of  the  author  (Wust,  1957)  and  to  the  recent  direct 
current  measurements  of  Swallow-Worthington  (1961),  the  velocities 
of  this  deep  current  (which  in  the  North  Atlantic  can  be  called  a 
counter  current  below  the  Gulf  Stream  System  and  also  below  the 
Antillean-Guiana  Current  System)  are  in  the  range  of  6  to  18  centi¬ 
meters  per  second.  In  other  words,  in  the  current  axis  it  would 
take  between  3.8  and  1.3  years  to  transport  the  water  masses  over 
the  4000  miles  from  the  source  region  south  of  Greenland  to  the 
region  along  the  Antillean  Arc.  When  we  consider  the  vertical  and 
horizontal  extension  of  the  core  of  more  than  6.0  ml/l>  then 
probably  we  would  have  to  reduce  the  mean  velocity  to  three  centi¬ 
meters  per  second  and  to  enlarge  this  time  factor  to  an  upper  limit 
of  7.6  years. 

Let  us  take  a  look  at  the  origin  and  the  spreading  of  the 
deep  water  in  the  Mediterranean  Sea,  which  is  also  characterized 
by  an  intermediate  oxygen  maximum  in  1500  to  2500  meters  but  with 
lower  values  (between  3.8  and  4.6  ml/l )  as  in  the  Atlantic.  The 
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schematic  block  diagram  of  the  Mediterranean  deep  circulation 
Figure  10  demonstrates  that  the  deep  and  bottom  waters  here  are 
formed  during  winter  inside  the  basins  at  the  surface  of  the  most 
northern  border  regions  of  the  Balearic  basin  and  in  the  Adriatic 
Sea.  These  relatively  cool,  heavy  and  high  oxygen  water  masses 
sink  at  first  vertically  by  small-scale  convection  in  shallower 
depths.  Then  they  slide  by  inclined  advection  (in  the  case  of  the 
Otranto  sill,  by  occasional  overflow)  along  the  continental  slope 
to  depths  of  more  than  2000  meters  where  they  spread  southward 
and  eastward  by  slow  advective  flow.  This  flow  is  clearly  shown 
by  the  oxygen  distribution  in  the  core  layer  in  1500  to  3000  meters 
in  which  the  available  120  oxygen  values  of  nine  expeditions  (THOR 
1908-1910,  NAJADE  1910-1914,  DANA  1928  and  1930,  ATLANTIS  1948  and 
1958)  could  be  used  as  if  observed  synoptically  (Figure  1 1 ) .  Quite 
different  and  apparently  highly  variable  conditions  exist  in  the 
oxygen  distribution  of  the  Antillean-Caribbean  basins.  Here  we 
could  utilize  for  the  circulation  studies  the  oxygen  determinations 
of  eight  research  vessels  taken  at  approximately  350  stations  in 
12  various  years  between  1921  and  1961.  In  this  period  the  oxygen 
values  of  the  different  expeditions  fluctuate  outside  and  partly 
also  inside  the  Antillean  Arc  in  an  amazing  extent,  namely  in  the 
order  of  magnitude  of  0.5  to  0.9  ml/1,  i.e.,  of  9  to  17%.  There¬ 
fore,  contrary  to  the  Mediterranean  Sea,  here  special  core  maps 
must  be  constructed  for  each  year  or  couple  of  years  in  which  the 
particular  oxygen  determinations  are  made. 


ms  -  viivn 


77 IS  -  NVIIIC'IS 


HV1 7  VdQID 


-  NVH0Q1V 


ms 


ms 


“•  o 


77/S  -  SOOOHS 


ms  -  vi. 3 ho 


— ==3- 


UJ 

r- 

< 

o 

I o 

X 

CVI 

k- 

UJ 

u. 

CO 

(T 

o 

1 

1 

O 

a; 

O 

1 

cr 

UJ 

Ll 

OJ 

UJ 

y- 

O 

1 

> 

< 

1 

< 

* 

X 

k- 

a 

UJ 

UJ 

< r. ) 

cr 

CL 

o 

cc 

o 

UJ 

UJ 

o 

UJ 

s 

k— 

UJ 

Q 

o 

'i 

X 

k- 

o 

w> 

CM 

o 

o 

Z 

H 

o 

FIGURE  1 1 


-13- 


These  variations  can  be  the  consequence  of  the  periodic 
and  unperiodic  changes  of  the  climatic  conditions  in  the  source 
region  and  of  the  circulation  pattern  as  well  as  of  the  additional 
biochemical  processes  such  as  decomposition  of  organic  matter  in  the 
open  Atlantic.  In  his  comprehensive  review  on  "Oxygen  in  the 
Ocean,"  Richards  (1957)  has  shown  that  its  distribution  is 
the  manifestation  of  processes  which  (l)  add  oxygen  to  the  surface 
layers,  (2)  consume  oxygen  by  respiratory,  chemical  and  enzymatic 
oxidation,  and  (3)  distribute  it  to  all  depths."  Therefore,  its 
distribution  differs  '  from  that  of  the  conservative  properties  such 
as  temperature,  salinity  and  density,  which, in  the  oceanic  cold 
water  sphere,  show  quasi-stationary  conditions,  i.e,,  in  a  far- 
reaching  approach  a  delicate  and  permanent  balance  between  the 
opposite  effects  of  advection  and  turbulent  diffusion. 

On  the  other  hand,  the  possibility  of  systematic  differences 
between  the  deep  water  oxygen  determinations  of  various  expeditions 
must  be  considered.  Therefore,  the  question  arises  as  to  how  much 
the  previously  mentioned  methodical  errors  in  the  oxygen  determin¬ 
ations  by  the  Winkler  method  can  be  due  to  the  state  of  the  water 
sampler  (uncoated  or  coated)  and  to  the  analytic  difficulties. 
Normally  the  oxygen  values  are  published  to  0.01  ml/1,  but  the 

rS*'  111  ■'— * 

second  decimal  is  doubtful.  In  1933  Wattenberg  estimated  that  from 
the  methodical  points  of  view  the  total  error  of  good  titrations 
is  between  ±0.05  and  ±0.10  ml/1,  i.e.,  1  to  2  per  cent,  which  at 
that  time  was  sufficient  for  oceanographic  purposes.  Water  samples 
taken  from  uncoated  water  bottles  probably  give  values  which  are  too 
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low  by  about  1 %,  But,  contrary  to  Richards,  who  in  1957  called 
the  Winkler  method  "still  adequate,  sensitive,  accurate  and  of 
rugged  reliability,"  Carritt,  et  al.  recently  became  aware  of 
occasional  larger  systematic  errors  on  some  former  expeditions  be¬ 
cause  of  the  different  procedures  used  for  standardizing  the  titer- 
solution.  In  a  letter  Dr.  Carritt  informed  the  author  about  some 
results  of  his  unpublished  study  of  the  Winkler  method,  which  shows 
that  "...one  well-published  procedure  gave  results  which  were  on  the 
average  10  per  cent  too  low."  This  is  a  little  smaller  than  (but 
not  too  far  from)  the  average  fluctuations  found  by  the  author  in 
the  oxygen  data  within  some  basins  inside  and  outside  the  Antillean 
Arc.  By  a  comparative  study,  we  have  tried  to  test  the  reliability 
of  the  oxygen  data  observed  by  the  various  research  vessels  during 
the  same  year  (or  a  couple  of  years).  This  can  be  done  with  the 
help  of  the  oxygen- salinity  relation.  In  this  way  it  is  possible 
to  eliminate  a  number  of  doubtful  values.  On  the  other  hand,  the 
determinations  of  a  number  of  research  vessels  made  during  the  same 
period  (of  one  to  two  years)  in  these  areas  do  not  exhibit  in  such 
diagrams  suspicious,  large  systematic  differences  among  their 
oxygen  data.  Therefore,  we  may  assume  that  in  the  same  period  the 
oxygen  determinations  of  the  different  ships  are  comparable,  but 
probably  only  because  they  were  made  in  the  same  analytic  way 
(particularly  during  the  period  of  1954-1958). 

The  two  maps  in  Figures  12  and  13  demonstrate  for  two 
distinct  periods  (1932-1937  and  1954-1958)  the  oxygen  distribution 
in  the  Antillean-Caribbean  basins  as  observed  by  various  expeditions 
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within  the  curved  core  between  1800  and  2400  meters.  Generally 
they  disclose  the  same  pattern  of  circulation  and  overflow,  but 
only  in  a  qualitative  manner.  By  the  hatching  of  the  areas  greater 
than  6.0  ml/1  and  by  the  arrows,  they  give  a  clear  impression  of 
the  quite  different  absolute  values  with  regard  to  the  renewal  of 
the  North  Atlantic  Deep  Water  in  these  two  periods.  For  a  better 
comparison,  the  mean  values  for  each  basin  and  observation  period 
are  calculated  and  represented  in  Figure. 14.  The  standard  deviations 
from  the  average  are  in  most  basins  less  than  ±0.15  ml/l  or  3%  in 
any  single  period.  Three  maxima  (1933-37,  1952  and  1961)  and  three 
minima  (1921,  1939  and  1954-58)  in  the  oxygen  content  are  observed 
by  the  various  expeditions  in  the  seven  basins.  They  are  most  pro¬ 
nounced  and  the  highest  in  the  best-ventilated  basins  outside  and 
partly  also  inside  the  Antillean  Arc  in  the  following  sequence: 

(l)  Main  tongue  of  the  deep  current  outside,  (2)  Virgin  Islands 
basin,  (3)  Cayman  basin,  and  (4)  Yucatan  basin.  Within  the  other 
interior  basins,  i.e.,  (5)the  Venezuela,  (6)  Colombia,  (7)  Grenada 
basins,  the  oxygen  values  are  remarkably  low  in  that  order,  and 
the  variations  are  smoothed,  permitting  some  qualitative  conclusions 
on  the  greater  age  of  their  water  masses.  After  these  results,  it 
appears  that  any  hope  to  use  such  variations  as  a  quantitative  time 
scale  of  the  renewal  of  the  Caribbean  deep  waters  /Worthington,  1955) 
must  be"  given  up.  .  In  summary:  the  variations  in  the  oxygen 
determinations  of  the  various  expeditions  since  1921  are  partly 
genuine  unperiodic  fluctuations,  but  partly  (particularly  between 
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1954  and  1958)  also  a  consequence  of  the  analytic  difficulties. 

The  important  question  remaining  is  to  what  extent  the  latter  have 
contributed  to  the  observed  variations.  This  can  only  be  discussed 
in  detail  when  the  report  of  the  International  Oxygen  Commission 
by  Dr,  Carritt  on  the  limits  of  error  in  former  oxygen  determina¬ 
tions  will  be  available. 

The  oxygen  section  through  the  Windward  Passage  and  the 
Cayman- Yucatan  basins  (Figure  15)  shows  the  vertical  distribution 
of  oxygen  between  1000  and  8000  meters  along  the  axis  of  the  North 
Atlantic  Deep  Current.  This  section  is  valid  for  the  period  1933- 
34,  where,  in  the  North  Atlantic  Deep  Water  and  its  overflow,  high 
values  were  observed.  In  this  case  there  are  in  the  Cayman  basin 
two  intermediate  core  layers  of  more  than  6.0  ml/1:  one  in  a  far- 
reaching  current  between  2200  and  3000  meters,  the  second  and  less 
important  in  about  5000  meters  as  an  occasional  and  not  far-reaching 
overflow  by  water  masses  of  higher  density.  A  slight  rise  in  the 
great  layer  of  North  Atlantic  Deep  Water  (setting  south)  outside 
the  Windward  Passage  must  cause  an  immediate  inclined  advection  of 
highly-saturated  water  masses  along  the  inner  slope  of  the  threshold 
down  to  the  depths  of  5000  meters  where  they  meet  their  original 
density.  A  similar  but  smaller  scale  counterpart  is  given  for  1933 
in  the  section  through  the  Jamaica  Passage  and  the  central  regions 
of  the  Colombia  basin  (Figure  16).  The  southward  overflow  produces 
in  the  latter  two  weak  advective  processes  in  water  masses  of  5.25 
to  5.50  ml/1:  one  far-reaching  between  1400  and  1800  meters,  and 
a  second  but  limited  one  in  approximately  2500  meters.  The  last 
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oxygen  section  (Figure  17)  shows  the  overflow  over  the  Aves  ridge 
and  the  Tobago  sill. 

The  circulation  of  the  bottom  waters  is  best  characterized 
by  the  potential  temperature,  salinity  and  potential  density  of 
the  nearest  bottom  layer.  In  the  Mediterranean  Sea,  the  author 
(1960-61)  found  sltw  advective  processes.  In  the  Antillean- 
Caribbean  basins  the  circulation  of  the  bottom  waters  is  more 
complicated  and  on  the  whole  more  rapid.  In  some  basins  it  has  a 
current-like  pattern.  For  this  study  about  400  stations  of  twenty- 
five  research  vessels  in  the  period  1921-1961  are  utilized.  They 
are  first  tested  on  a  T/S  diagram  .(Figure  18).  Two  normal  curves 
are  constructed.  One  is  valid  for  bottom  depths  between  4000  and 
8000  meters,  which  represents  the  conditions  in  the  Antarctic 
Bottom  Water  outside  the  Antillean  Arc.  The  other  corresponds  to 
the  conditions  in  the  Caribbean  Bottom  Water  which  is  formed  by 
overflow  of  the  North  Atlantic  Deep  Water  (1800-4000  meters).  The 
spread  in  the  two  clouds  of  points  is  remarkably  small.  Most  ob¬ 
servations  show  deviations  between  ±  0.01  and  ±  0,02  in  temperature 
and  salinity.  All  bottom  observations  within  the  inner  basins 
fall  into  the  two  triangles  on  the  left  side  of  the  upper  normal 
curve. 

The  next  map  (Figure  19)  represents  the  distribution  of  the 
potential  bottom  temperature  in  the  basins  deeper  than  2000  meters. 
It  shows  a  close  dependency  on  the  bathymetric  conditions.  Out¬ 
side  the  Antillean  Arc,  two  branches  of  the  relatively  swift 
Antarctic  Bottom  Current,  with  velocities  of  approximately  ten 
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centimeters  per  second  (Wust,  1957)  and  with  temperatures  of  less 
than  1.60°,  flow  to  the  northwest,  separated  by  the  Outer  Ridge. 

The  latter  shows  a  gap  and  overflow  north  of  Puerto  Rico.  Inside 
the  Antillean  Arc  a  similar  swift  bottom  current  exists  in  the 
channel-like  deep  Cayman  basin  in  continuation  of  the  strong  over¬ 
flow  through  the  Windward  Passage.  The  overflow  through  the  Virgin 
Islands  Passage  does  not  produce  stream-like  pattern  at  the  bottom 
of  the  expanding  Venezuela  basin.  Here,  as  well  as  in  the  Colombia 
basin,  sluggish  advective  processes  are  predominant  in  the  bottom 
layer.  A  map  of  the  bottom  salinity  confirms  for  the  whole  area 
the  results  derived  from  the  potential  bottom  temperature. 

A  fundamental  question  is  still  incompletely  answered: 

What  are  the  deciding  sill  depths  in  the  main  passages  between  the 
basins  of  the  Antillean-Caribbean  region?  This  question  can  best 
be  solved  with  the  help  of  vertical  sections  of  potential  tem¬ 
perature  as  long  as  sufficiently  close-meshed  bathograms  are  un¬ 
available.  The  latter  is  still  the  case,'  in  most  passages.  The 
first  successful  approaches  by  this  method,  based  on  a  relatively 
small  number  of  stations,  have  been  made  by  Dietrich  (1937  and 
1939).  The  following  new  sections  of  potential  temperatures, 
based  on  five  to  ten  times  as  many  observations,  have  permitted 
us  to  go  more  deeply  into  detail.  The  first  section  follows  the 
axis  of  the  Antarctic  Bottom  Current  outside  the  Antillean  Arc  to 
the  northwest,  turns  over  the  Silver  Bank  Ridge  and  the  Windward 
Passage  to  the  west  along  the  axis  of  the  bottom  current  in  the 
Cayman  basin  and  ends  after  a  new  turn  to  the  northeast  in  the 
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Yucatan  basin  (Figure  20 ).  The  main  longitudinal  section  shows 
the  rapid  and  far-reaching  overflow  of  water  masses  of  3.75°  to 
3.80°  through  the  Windward  Passage,  which  fill  all  the  depths  of 
the  Cayman  trench  between  4000  and  8000  meters  and  reach  in  their 
last  traces  to  the  center  of  the  Yucatan  basin.  The  sill  depth 
of  the  Windward  Passage  found  by  this  method  is  in  agreement  with 
Dietrich* s  result  (1937)  of  1600  to  1625  meters  (Figure  21 ).  The 
other  section  goes  through  the  Anegada  Passage  and  Virgin  Islands 
Passage  to  the  northwest  Venezuela  basin  (Figure  22).  This  second 
section  gives  two  sill  depths  of  1950  and  2300  meters  in  the  Anegada 
Passage  and  a  sill  depth  of  approximately  1750  meters  in  the  Virgin 
Islands  Passage.  In  spite  of  the  fact  that  the  latter  value 
represents  the  deepest  connection  between  the  Atlantic  Ocean  and 
the  Central  American  basins,  its  overflowis  of  minor  importance  for 
the  renewal  of  the  Antillean-Caribbean  Bottom  Water  masses  as 
compared  with  that  of  the  shallower,  but  wider  Windward  Passage. 

The  Anegada-Virgin  Passage  overflow  forms  only  a  relatively  thin 
bottom  layer  of  less  than  3.80°  in  the  Venezuela  basin.  Finally 
the  potential  temperature  section  through  the  South  Aves  and 
Dominica  Passages  demonstrates  the  importance  of  the  first  for  the 
renewal  of  the  bottom  waters  in  the  Grenada  basin  (Figure  23). 

Table  1  gives  a  summary  of  the  recent  determinations  of  the  width 
and  the  deepest  depth  of  the  main  passages.  The  most  probable 
numbers  of  the  sill  depths  are  underlined. 
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TABLE  1 


SILL  DEPTHS  BETWEEN  THE  BASINS  OF  THE  ANTILLEAN-CARI3BEAN  REGION 


SILL  DEPTHS  IN  TRUE  M 


pappahpp 

Name  Width  at  1500m 

By  Bathogram 

By  tp  and  0 
Sections^  ^ 

Windward  Passage  12  miles 

1650 1 

1600-1625 

Virgin  Islands  Passage  8  miles 

I9602 

1725-1775 

Anegada  Passage  8  miles 

22082 

North  -  ,  -v, J950 
South  -d/giroo 

Dominica  Passage  — 

2 

1 372 

^  1400 

Jamaica  Passage  20  miles 

(at  1000m) 

1450-1500 

South  Aves  Passage  ~ 

^  2200 

1  After  Heezen-Johnson-Allen  1961 

2  After  Frassetto-Northrop  1957 

3  After  Wust-Gordon  1962 

The  most  probable  values  are  underlined. 

All  the  more  or  less  rapid  incoming  circulation  of  the  low 
temperature  deep  and  bottom  water  masses  must,  in  the  face  of 
downward  diffusion  of  heat  from  above,  be  balanced  by  a  very  slow 
upward  component  of  velocity  over  most  of  the  Antillean-Caribbean 
Sea:  ,  in  order  to  maintain  the  continuity.  Stommel-Arons  (1958  and 
I960)  and  recently  Wyrtki  (1961)  pointed  out  the  same  idea  for 
the  thermohaline  vertical  circulation  of  the  world  ocean.  For  the 
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lower  latitudes  of  all  oceans  these  authors  have  calculated  an 
average  for  the  upward  velocities  in  the  order  of  magnitude  of 
1  -  3  x  10”  cm/sec.  In  connection  with  the  dynamic  computations 
of  the  volume  transports,  we  will  try  to  calculate  the  vertical 
components  within  the  Antillean-Caribbean  basins.  Such  computations 
will  complete,  in  a  quantitative  manner,  the  picture  of  the  deep 
circulation  given  in  this  abstract  mainly  with  the  help  of  the  core 
method. 

This  study  has  been  largely  supported  by  the  United  States 
Atomic  Energy  Commission  under  contract  AT  (30-l)  2663.  The 
author  is  grateful  to  the  Ford  Foundation  for  supporting  the 
Visiting  Professorship  in  Oceanography  at  Columbia  University. 
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